Abstract-This letter describes an improved technique for model-based profile reconstruction of perfect electric conductor (PEC) objects. The technique takes advantage of the fact that the illuminated part of the object-under-test (OUT) is, in general, accurately reconstructed when considering independent incident angles. The knowledge of the illuminated part is used to weight the reconstructed profile for each incidence. A comparison to the extended methodology that takes into account all the incident angles simultaneously is presented, proving that the proposed technique provides faster convergence to an accurate recovery of the OUT. Application examples considering one and two OUTs are presented.
I. INTRODUCTION

E
LECTROMAGNETIC inverse scattering has been applied in different research fields such as medical imaging, nondestructive testing, security screening, and ground penetrating radar. The goal is to recover the geometry and/or the constitutive parameters of the scenario-under-test from the measured scattered or total field.
Among the great variety of inverse techniques developed in the last decades, it has been found that model-based profile reconstruction techniques are more efficient in the use of the available scattered field information than diffraction tomography [1] or inverse source methods [2] . Model-based profile reconstruction techniques relate the measured scattered field with the field scattered by an electromagnetic model of the object-under-test (OUT) by means of a cost function, as in the flowchart depicted in Fig. 1(a) . The electromagnetic model of the OUT and the cost function optimization techniques are then the key points of model-based profile reconstruction. For example, the OUT can be parametrized using splines [3] , [4] or Fourier series, and the scattered field can be calculated using a method-ofmoments to solve the two-dimensional (2-D) integral equations [5] . Thus, the number of unknowns is just the coefficients, ρ, of the parametrized OUT profile. Optimization techniques, such as genetic algorithms [1] , [6] , particle swarm optimization (PSO) [4] , [6] , or differential evolution [3] , [6] , have been successfully used for cost function minimization.
The main drawback of model-based profile reconstruction techniques is the increase of the computational complexity associated with the forward model used to calculate the scattered field of the parametrized OUT. Thus, this contribution proposes a technique to improve the model-based techniques convergence by means of a new optimization strategy. 
II. PROFILE RECONSTRUCTION METHOD
Most of the model-based techniques use spatial diversity to improve the accuracy of the reconstruction, illuminating the OUT under multiple incidences, K. For each kth incidence, the scattered field is acquired at N observation points, E scatt,n,k,nmeas , and compared to the field scattered by an electromagnetic model of the OUT, E scatt,n,k,sim (ρ). In this letter, a 2-D method-of-moments formulation for TM polarization is considered [5] . A detailed integral equation modelbased formulation for 2-D perfect electric conductor (PEC) OUTs is presented in [3] , [4] . The cost function to be minimized, F(ρ) [see Fig. 1(a) ], combines all the incidences and observation points [3] , [4] , [6] . At the beginning, an initial population of N pop candidates is created. Each candidate within the population is a set of OUT parametrization coefficients. After minimization, the candidate associated to the minimum cost function value ρ best is chosen as the best solution for the given profile reconstruction problem [see Fig. 1(a) ].
In order to improve the convergence of the optimization techniques, and then reducing the calculation time, multistage strategies have been studied. For example, in [7] , a two-stage method is proposed. In the first stage, depicted in black boxes in Fig.  1(b) , a cost function F k (ρ) is minimized for each kth incidence. Best candidates ρ k,best are considered in the initial population of the second stage, where the cost function F (ρ) [see Fig. 1(a) ] is minimized. In the case of PEC objects, it has been found that the first stage is efficient in recovering the part of the OUT profile illuminated by the incident field. Then, it could be of interest to discard the recovered OUT profile that is not illuminated by the kth incident field. Additionally, such part of the OUT profile illuminated by the incident field typically presents the highest amplitude values of the induced currents.
With these previous considerations, the profile reconstruction technique depicted in Fig. 1(b) can be improved by adding the physics analysis that takes into account the following: 1) the OUT profile illumination ((1 −k inc •n)/2, wherê k inc is the Poynting vector of the incident field, andn is the OUT profile normal vector); 2) the normalized amplitude of the induced currents. The product of these two quantities (see Fig. 2 ) gives the weighting coefficients W k (see Fig. 2 ). Best candidates for every kth incidence are then combined according to the weighting coefficients W k [see Fig. 1(b) , dashed boxes], obtaining the best candidate under such considerations, ρ comb .
III. APPLICATION EXAMPLE
Model-based profile reconstruction techniques depicted in Fig. 1 have been compared aiming to prove that the consideration of the induced currents and the incident field illumination can improve the convergence. A basic PSO method, with in- ertial weight and correction factor coefficients set to 1 and 2, respectively, and a population size of 50 candidates, has been selected for cost function minimization. Pchip splines have been selected as they allow accurate parameterization of fast-varying contours with aspect angle, using a reduced number of control points (see dots in Fig. 2 ) [3] , [4] , that can be parameterized in polar coordinates. If the control points are equally spaced in φ, then the only unknowns are the radii of the control points ρ cp (see Fig. 2 Reconstruction accuracy depends on the amount of available information: number of incident directions (N inc ), number of acquisition points, and also the OUT electric size (since it influences the scattered field variation with respect to the aspect angle). For this example, point source transmitters, placed in a R Tx = 75 cm circumference, are considered. The scattered field is acquired in a R Rx = 30 cm circumference, sampled every 4°( resulting in 90 acquisition points) to ensure that the Nyquist sampling rate is fulfilled [8] . OUT size is also analyzed for sizes ranging from 0.5 to 3 λ. Noise has been added to the scattered field according to a signal-to-noise ratio (SNR) of 30 dB. Imaging domain size is 20 × 20 cm (see Fig. 7 ), which is larger than the maximum size of the OUT estimated from the analysis of the scattered field spectral bandwidth [8] . The unknowns search space is set to ρ ࢠ [0. 5 7] cm to ensure that the initial population candidates are randomly spread across the imaging domain. The initial population set, P Npop , is created according to a uniform probability distribution fitting this search space interval. Concerning the number of unknowns, for this example, N ρ = 14 has been chosen, that is, Nρ cp = 12 control points, plus x c , y c (two unknowns).
Aiming to highlight the fact that the parts of the OUT illuminated by the incident field can be accurately recovered, Fig.  3 shows the reconstruction results for two incident directions [φ inc = −90
• , see Fig 3(a) , and φ inc = 0
• , see Fig. 3(b) ]. Note that the highest amplitude of the induced currents takes place in the illuminated part of the OUT To compare the convergence of the developed techniques, the number of PSO iterations for a target reconstruction error ε, is analyzed. This metric is more precise than the cost function value, F (ρ), as it will be shown that, for electrically small OUTs significant variations in the OUT profile do not have a noticeable impact in the scattered field. The reconstruction error ε between the true and recovered OUT profile is Reconstruction results for different OUT sizes (D out , in λ) and number of transmitters N inc (4 and 8, equally spaced in the R Tx = 75 cm circumference) are summarized in Table I . Two target reconstruction errors ε = 5% and ε = 2% are considered. For OUT resonant dimensions (around 1-2 λ), model-based reconstruction techniques reach ε = 5% in less than 130 iterations. Furthermore, for N inc = 8, if the best candidates for each incidence are combined ρ k,best ("Indep. incid., combined, physics"), convergence is achieved in much less iterations than when all the incidences are considered ("Multiple incidences"), see Fig. 5 . For N inc = 4, both techniques require similar number of iterations to reach ε = 5%.
The scattered fields of electrically large OUTs have fastaspect angle-variation behavior fields (see Fig. 6 ), creating several local minima in the cost function where global optimization methods can be trapped [6] . On the other side, the scattered field of electrically small OUTs has smooth variation, so slightly different profiles will scatter similar slow-aspect angle-varying scattered fields. In consequence, model-based profile reconstruction techniques are expected to have worse performance for extreme cases of the electrical size (very large or very small) of OUT, as shown in Table I .
The influence of the noise in the compared techniques has also been analyzed. As shown in Table II , the technique "Indep. incid., combined, physics" performs better for higher SNR. For lower SNR, compared methods have similar performance, resulting in PSO stagnation with a reconstruction error ε > 2%.
Finally, the performance of the compared techniques has been tested for multiple OUTs. In this case, a larger number of unknowns is required, N ρ = 20, that is Nρ cp,OUT1 = Nρ cp,OUT2 = 8 control points, plus x c , y c of each OUT. Reconstruction results are summarized in Table III and depicted in Fig. 7 . In this case, the "Indep. incid., combined, physics" technique has better performance than the conventional method ("Multiple incidences") for the case of the OUT with largest electric size.
IV. CONCLUSION
The use of the incident field illumination and the induced currents on the OUT profile has been proved to be quite effective to improve the convergence of model-based profile reconstruction techniques, with respect to the extended method based on a cost function relating all the incident directions simultaneously. Further analysis will be devoted to extent this study to dielectric objects, using electric and magnetic equivalent currents.
